In this study four winter cereals commonly used as cover crops were evaluated for forage yield potential and nutritional quality when harvested in early spring. Wheat (Triticum aestivum L.), triticale (X Triticosecale Wittm.), cereal rye (Secale cereale L.), and barley (Hordeum vulgare L.) were evaluated via experimental plots and on-farm trials in southern Ontario, Canada, between 2013 and 2015. Barley was the only species that failed to overwinter. The average forage yield of all other winter cereal species was 2.9 Mg ha -1 dry matter (DM) at boot stage with total digestible nutrient (TDN) values above 700 g kg -1 at flag leaf and boot stages of development. At the flag leaf and boot stages of development the fiber content of cereal rye was higher and nonfiber carbohydrates lower than wheat or triticale. However, crude protein (CP) and TDN were indistinguishable among species. Across species and experimental plot site-years, a spring N application of 50 kg N ha -1 increased forage yield by 0.9 Mg ha -1 DM and CP by 26 g kg -1 , but all other quality parameters were unaffected. Additional N fertilization, onfarm, increased DM yield, but economically optimum N rates remained low, at 42, 50, and 65 kg N ha -1 for cereal rye, triticale, and wheat, respectively. While wheat and triticale may be used as spring forage, the approximately 7d earlier flag leaf or boot stage of cereal rye makes it a better fit for rotations with corn (Zea mays L.) and soybean [Glycine max (L.) Merr].
W inter cereals are the most widely used cover crops in the corn-soybean cropping systems of the upper Midwest (Kaspar and Bakker, 2015) because they can establish during the short post-harvest growing period (Crowley et al., 2018) . Winter cereal cover crops provide two key ecosystem services: erosion control and soil mineral N sequestration (Snapp et al., 2005; Tonitto et al., 2006; Ketterings et al., 2015) . Cereal rye has been repeatedly observed to be one of the most adaptable winter cereal cover crops across northern temperate environments because of its abilities to scavenge soil NO 3 , reduce erosion, survive temperatures below -30°C, and mature earlier than triticale or wheat (Ball-Coelho and Roy, 1997; Brandi-Dohrn et al., 1997; Tonitto et al., 2006; Crowley et al., 2018) .
Winter cereals can also be used as an early spring forage source prior to planting main crops. Using winter cereal cover crops as a forage is not a common practice regionally, but following the drought of 2012 the need for emergency forage led livestock producers to harvest cereal rye cover crops or winter wheat grain crops as early spring forage to make up for shortfalls (Ketterings et al., 2015) . Since 2012 interest in winter cereals as a dual purpose cover crop/forage crop has grown. In the Great Lakes region, cereal rye and winter wheat can produce 2 to 4 Mg ha -1 DM by 20 May when harvested at the boot stage (Raimbault et al., 1990; Moore et al., 1994; Wagner-Riddle et al., 1994; Maloney et al., 1999; Thelen and Leep, 2002; Kantar et al., 2011; Krueger et al., 2011; Ketterings et al., 2015) . Less research has focused on the use of triticale and barley as overwintered and spring harvested forages than for cereal rye and wheat across northern temperate regions (Brown, 2006; Kaspar and Bakker, 2015; Ketterings et al., 2015; Tumbalam et al., 2016) .
The choice of winter cereal cover crop species and developmental stage of forage harvest may affect main-crop yield compared to termination as a cover crop if there is a planting delay. Regionally, yield potential of grain corn (Lauer et al., 1999) , silage corn (Darby and Lauer, 2002) , and soybean (Egli and Cornelius, 2009) starts to decline rapidly when planted after 30 May, along with the quality of silage corn (Darby and Lauer, 2002) . Therefore, winter cereal species that grow and mature slowly in the spring could delay planting of main crops reducing yield potential. Choice of the main crop should also Winter Cereal Cover Crops for Spring Forage in Temperate Climates E. Landry, K. Janovicek, E. A. Lee, and W. Deen* be considered when winter cereal forages are included in rotation. Multiple reports have shown that cereal rye and winter wheat, with biomass retained or removed, reduces corn yield (Raimbault et al., 1990; Tollenaar et al., 1993; Thelen and Leep, 2002; Krueger et al., 2011) . In contrast, the yield potential of soybean was not compromised following cereal rye or winter wheat forages (Thelen and Leep, 2002; Crowley et al., 2018) .
In this paper, we examine the potential of winter cereals to provide spring forage and explore the effects of management on forage quality and yield. Specifically the paper evaluates (i) the forage yield and nutritional quality of four winter cereals: cereal rye, triticale, barley, and wheat harvested at flag leaf, boot, and early head developmental stages; and (ii) the response of forage yield and nutritional quality to N fertilization.
mAterIAls And methods location description and research purposes
Five site-years (two in 2013-2014 and three in 2014-2015) of experimental field plot trials were conducted at three University of Guelph research stations: Elora, Woodstock, and Winchester in Ontario, Canada (Table 1 ). The primary purpose of the experimental plot trials was to evaluate the effects of forage harvest by crop development (flag leaf, boot, early heading) on yield and nutritional quality. Five on-farm site-years, two in 2013-2014 and three in 2014-2015 (Table 1 ) evaluated the yield potential and nutritional quality following producer practices and field conditions. All sites were medium textured loam/silt-loam soils classified as Luvisols (Typic Hapludalf) except Winchester, which had a heavier textured clay loam soil or Typic Endoaqualf.
eXperImentAl desIgn: eXperImentAl fIeld plot trIAls Experimental field plots were a strip-plot design with five winter cereal crop treatments, two N-fertilizer rates, three harvest dates, and three replicates. Plot dimensions were 3 by 6 m. Winter cereal crop treatments included: (i) cereal rye cultivar Common; (ii) triticale cultivar Pika (Alberta Agriculture & Rural Development, Edmonton, AB); (iii) triticale cultivar Fridge (Cangrow Crop Solutions, Alvinston, ON); (iv) wheat cultivar AC Morley (Agriculture and Agri-Food Canada, Ottawa, ON); and (v) barley cultivar HY 260-WB (Dow AgroSciences Inc., Calgary, AB). Winter cereals were no-till seeded into soybean stubble in late September or October (Table 1) in 0.19 m wide rows using a John Deere 750 no-till drill (John Deere Ltd, Moline, IL). The seeding rates were 170 kg ha -1 for cereal rye, 160 kg ha -1 for triticale and wheat, and 150 kg ha -1 for barley. Two N-fertilizer rates (0 and 50 kg N ha -1 ) top-dressed as urea (46-0-0, N-P-K) or ammonium nitrate (34-0-0, N-P-K), were applied in late April or early May. Three forage biomass harvests were conducted at flag leaf, boot, and head developmental stages where one random 1 m 2 quadrat subsample was selected and cut within each experimental unit leaving 5 cm of stubble. Samples were used for biomass determination and quality analysis.
on-farm trials
Field trials at five farm sites in southern Ontario, Canada, were grown in 2013-2014 and 2014-2015 (Table 1 ). The experimental design was a strip-plot with four or five winter cereal treatments, five N rates, one biomass harvest, and two replicates. Plot dimensions, winter cereal crop species, seeding rates, and sowing method matched those detailed for experimental plots, however, since cultivar Fridge triticale was not evaluated at all on-farm sites, it was not included in the final analysis. The number of N rate treatments used for the on-farm trials were expanded to five rates (0, 34, 67, 101, and 134 kg N ha -1 ), either top-dressed as urea (46-0-0, N-P-K) or ammonium nitrate (34-0-0, N-P-K) in late April or early May. Only one biomass harvest was taken, at either flag leaf or boot stage (Table 1) . Whole plots (3 by 6 m) were harvested using a Carter flail harvester (Carter Manufacturing Co. Inc., Brookston, IN) and biomass yield was determined across an area 1.5 m wide by 3 m long. A ~1 kg random subsample from this swath was used for forage analysis.
forage Analyses
The moisture content of all samples was determined by comparing fresh and dry weights following drying in a forced air oven at 70°C until a constant mass. Forage quality parameters are reported as concentrations (g kg -1 ) on a DM basis. Dried forage samples were analyzed for forage quality by A&L Canada Laboratories Inc. (London, ON). There they were ground to 1 mm (Retsch ZM 200 centrifugal mill, Retsch GmbH, Haan, Germany) following Goering and Van Soest (1970) . Acid detergent fiber (ADF) and neutral detergent fiber (NDF) were determined using the ANKOM method 5 and 6 procedures, respectively (ANKOM 200 Fiber Analyzer, ANKOM Technology, Macedon, NY). In-vitro neutral detergent fiber digestibility (NDFD) was determined by digesting forage samples for 48 h (ANKOM method 3, ANKOM DaisyII Incubator, ANKOM Technology, Macedon, NY). Digestion solution was obtained from the rumen fluid of lactating dairy cows fed primarily a diet of haylage, corn silage, high moisture corn, and supplement, including vitamins and minerals. Total digestible nutrient concentration was calculated using the summative equation (Weiss et al., 1992) with the in-vitro NDFD option. Nonfiber carbohydrates (NFC) were determined, following the equation:
Nitrogen concentration was measured by rapid combustion (LECO FP628 N analyzer, LECO Corp., St. Joseph, MI) and CP was estimated as N × 6.25. Forage K and P concentration were determined by dissolving forage samples in Aqua regia solution and measuring dissolved mineral concentration using inductively coupled plasma atomic emission spectroscopy (Method 6010B, USEPA, 1996) .
statistical Analysis
Experimental field plot data were analyzed in a combined analysis of variance using PROC GLIMMIX of SAS version 9.4 (SAS Institute, 2008), as a strip-plot using harvest date as a repeated measure. Crop type, N rate, growth stage, and their interactions were set as fixed effects, while trial, the trial interactions with fixed effects, block(trial), crop×block(trial), and N rate×block(trial) considered as random effects. Selection of an R-side repeated measures covariance structure was based on the AICC model fitting statistic. Analysis of variance was conducted with the NOBOUND option for removing boundary constraints on covariance parameters and the Kenward-Roger method was used for computing the denominator degrees of freedom for fixed effect tests. Differences among treatments were identified using a protected LSD test at P ≤ 0.05.
On-farm plot data were analyzed using PROC GLIMMIX of SAS version 9.4 (SAS Institute, 2008) as a strip-plot design. Data were analyzed using a combined analysis of variance that included crop species, N rate, and their interaction as fixed effects, while the trial, block(trial), crop*block(trial), and N rate*block(trial) were considered random effects. Differences among treatments were identified using a protected LSD test at P ≤ 0.05. Orthogonal linear, quadratic, and lack of fit (LOF) contrasts were used to evaluate forage nutrient and mineral concentration, as well as forage yield responses to N-fertilizer rate.
Optimum economic N rates were estimated for each on-farm site by fitting forage yield data to a quadratic-plateau response model using the NLIN procedure of SAS version 9.4 (SAS Institute, 2008) . Constraints on parameter estimation were imposed so that the fitted linear coefficients were greater than or equal to 0 and quadratic coefficients were less than or equal to 0. A forage price of CAN$0.11 kg DM -1 and N price of $1.30 kg N -1 were assumed. The mean, range, and distribution statistics for forage yield and nutrient parameters of cereal rye were determined using PROC MEANS across the five experimental field trial plots and five on-farm trial site-years restricted to boot stage harvests at 50 kg N ha -1 for experimental plots and 67 kg N ha -1 on-farm.
results And dIscussIon
At all sites the winter cereals established and overwintered, except barley, which consistently winter-killed. The barley cultivar HY 260-WB is a winter-type barley and has overwintered in southern Ontario when snow cover is persistent. Due to the low survival of barley at most sites in 2013-2014 and 2014-2015 it was not included in the analyses presented below and is not a reliable winter cereal forage option for Ontario.
The 30-yr (1980-2010) average spring (April-June) precipitation throughout the study area is 80 mm, on average. The precipitation totals for May 2015 were about two-thirds of normal at both Elora and Woodstock. At Winchester the precipitation total for April and May 2015 was about three-fourths of normal. Otherwise, monthly precipitation was close to normal. Monthly 30-yr average temperatures at Elora are 5.7, 12.2 and 17.5°C for April, May, and June, respectively. Monthly normals at Winchester and Woodstock are 0.4 and 1.1°C higher than Elora, respectively. Temperatures were within 0.6°C of monthly 
experimental field plot trials
Cereal rye produced a similar yield at both the flag leaf and boot stages and reached these stages about 7 d earlier than triticale and wheat (Tables 1 and 2 ). Across experimental plot trials, the average expected dates for flag leaf, boot, and head stages of cereal rye were 25 May, 29 May, and 3 June, respectively. Triticale headed ~12 d later than cereal rye and wheat was 1 d later to head than triticale. There was no difference in development timing between triticale cultivars. Similar rankings of crop development for these species has been reported (e.g., Thelen and Leep, 2002; McCormick et al., 2006) . Delaying harvest from flag leaf until boot stage, or from boot stage until heading stage resulted in higher biomass yield across species (Table 2) . Across the species and N rates, delaying harvest from boot stage to flag-leaf stage increased DM by 0.7 Mg ha -1 (38%), and delaying harvest until heading stage increased DM by 1.5 Mg ha -1 DM (60%). Forage yield differences across species were only significant at heading (P = 0.01) (Table 3) , where triticale cultivar Pika accumulated, on average, more biomass than cereal rye or wheat (Table 2) .
These observations are consistent with Harmoney and Thompson (2010) that found greater long-term forage yield of cultivar Pika vs. other triticale, wheat, and cereal rye cultivars in Kansas.
Significant species × development stage interactions were observed for some forage quality parameters, such as ADF, NDF, and TDN (Table 3 ). The nature of the interactions resulted in changes in rank among the species, therefore, species means were reported for each stage of development (Table 2) . Cereal rye tended to have lower ADF and NDF concentrations than triticale and wheat at the flag leaf and boot stages. The concentrations of TDN, NDFD, ADF, and NDF for heading stage cereal rye were similar to wheat, but TDN and NDFD concentrations were higher and ADF and NDF concentrations lower than either triticale cultivar, suggesting the forage quality of cereal rye was slower to deteriorate than triticale and wheat. Biomass yield increased at the expense of forage quality when harvest was delayed until the heading stage. This observed trade-off between yield and forage quality has been previously reported in other studies (e.g., Edmisten et al., 1998; Maloney et al., 1999; Thelen and Leep, 2002; McCormick et al., 2006; Kantar et al., 2011) . No significant differences were observed among the species for CP (Table 2) . Across all species, CP declined with maturity (20 g kg -1 from flag leaf to boot and 27 g kg -1 from boot to heading) indicating a deterioration of forage quality. The effect of growth stage on CP levels and the Table 2 . Cereal crop × development stage interaction and N rate and developmental stage main effect means for cereal forage yield (dry matter, DM) and concentrations of acid detergent fiber (ADF), neutral detergent fiber (NDF), in vitro neutral detergent fiber digestibility (NDFD), nonfiber carbohydrates (NFC), total digestible nutrients (TDN), crude protein (CP), K, and P at the Elora, Woodstock, and Winchester experimental plot trials. lack of difference between the three winter annual species is consistent with Maloney et al. (1999) .
Both NDFD and TDN have been used to differentiate fall oat forage cultivars (Coblentz et al., 2012) and may provide for a more precise assessment of forage quality. As previously discussed, significant differences in TDN and NDFD were observed among the species at heading, but other studies, while showing a decline in CP and NDFD found no difference among winter cereal species (Edmisten et al., 1998; Kantar et al., 2011) . McCormick et al. (2006) found significant differences among spring harvested (pre-inflorescence development) cereal rye, wheat, and triticale using NDF and CP, but concluded their values (NDF < 550 g kg -1 and CP > 170 g kg -1 ) to be exceptional across species and any differences to be biologically insignificant. Our NDF results were also below 550 g kg -1 , but unlike McCormick et al. (2006) our CP values were lower, with mean values below 125 g kg -1 , at boot stage.
Early spring application of N fertilizer was done to mimic the producer scenario of deciding to use a winter cereal cover crop as a spring forage and to examine the feasibility of increasing forage yield and the impact that this has on forage quality. The application of 50 kg N ha -1 resulted, on average, in significant increases in biomass accumulation across species (Table 2) . A significant interaction between N rate and developmental stage was observed for yield (Table 3) and is suspected to be related to the progressively larger yield increases after applying 50 kg N ha -1 through maturation-although no significant difference was found between flag leaf and boot stages. The relative yield increase was proportionally stable across species and averaged 0.5 Mg ha -1 DM (34% increase) at flag leaf, 0.7 Mg ha -1 DM (32% increase) at boot, and 1.2 Mg ha -1 DM (36% increase) at heading following the application of 50 kg N ha -1 . Although no significant species × N rate interaction was found for biomass yield (Table 3) , across experimental plot site-years, the triticale cultivar Pika produced the largest amount of biomass at heading stage, 5.2 Mg ha -1 DM with 50 kg N ha -1 , or about 0.9 to 1.2 Mg ha -1 DM more than wheat and cereal rye, respectively (data not shown). A similar yield advantage of triticale over cereal rye was reported regionally (Tumbalam et al., 2016) . The main impact of N fertilizer on forage quality was that it increased CP. The low rate of N fertilizer (50 kg N ha -1 ) resulted in a higher CP concentration across species (26 g kg -1 ), with less response from wheat (18 g kg -1 ) than triticale (28 g kg -1 ) and cereal rye (31 g kg -1 ). Both TDN and ADF concentrations were unaffected by supplemental N (Table 2) .
on-farm trials
Consistent with the experimental plot trial cereal rye was 7 to 10 d earlier maturing than triticale and wheat (Table 1) . With only one forage harvest performed at the boot stage and high site variability no differences among species for forage yield was observed (Tables 4 and 5 ). On-farm biomass yield data across treatments was slightly more than experimental field plots (3.1 vs. 2.8 Mg DM ha -1 ).
Forage yield across species followed a quadratic response curve (P = 0.06) (Table 4) as N fertilizer increased. The diminishing increase in yield from additional N was particularly apparent from 67 to 134 kg N ha -1 , where less than a 10% yield increase was achieved. Mean economic optimum N rates were 42, 50, and 65 kg N ha -1 for cereal rye, triticale, and wheat, respectively, averaged over the 5 site-years.
summary Across All trials
At all sites boot stage cereal rye was harvested, on average, a week earlier than wheat or triticale. An earlier harvest without compromising forage yield or quality makes cereal rye the Table 3 . Summary of the combined analysis of variance for the fixed effect F tests and random effect likelihood ratio chi-square tests for cereal forage yield (DM) and concentrations of acid detergent fiber (ADF), neutral detergent fiber (NDF), in vitro neutral detergent fiber digestibility (NDFD), crude protein (CP), non-fiber carbohydrates (NFC), total digestible nutrients (TDN), K, and P for experimental plot trials conducted at the Elora, Woodstock, and best winter cereal spring forage option for corn and soybean cropping systems. Across all experimental field and on-farm sites, cereal rye with 50 to 67 kg N ha -1 harvested at boot stage had a CV of 24% for biomass yield and a range between 2 and 4.2 Mg ha -1 DM (Table 6 ). Boot stage cereal rye also had TDN and NDFD values that averaged over 700 kg g -1 . Although relatively stable forage yield with consistently high quality can be expected from boot stage cereal rye, the risk of imposing a negative rotation effect on the following main crop remains a concern (Lauer et al., 1999; Darby and Lauer, 2002; Egli and Cornelius, 2009) . Even if corn is planted in a timely manner, cereal rye as a cover or forage double-crop prior to corn has been repeatedly found to supress corn biomass and grain yield in northern climates (Raimbault et al., 1990; Tollenaar et al., 1993; Brown, 2006; Krueger et al., 2011) potentially due to various mechanisms (see Freyman and Schaalje, 1983; Barnes and Putnam, 1986; Thelen and Leep, 2002; Bakker et al., 2016) . Due to these concerns, soybean may be the preferred crop to follow cereal rye forage. The preference for following a cereal rye spring forage with soybean has been found to also directly contribute to farm enterprise profitability (Crowley et al., 2018) .
conclusIons In this study we demonstrate that winter cereal species commonly used as cover crops can provide beef and dairy producers needed emergency spring forage in years when normal forage sources, such as corn silage may be in short supply. The consistent Table 4 . Cereal crop and N rate effects on boot stage harvested cereal forage yield (dry matter, DM) and concentrations of acid detergent fiber (ADF), neutral detergent fiber (NDF), in vitro neutral detergent fiber digestibility (NDFD), nonfiber carbohydrates (NFC), crude protein (CP), total digestible nutrients (TDN), K, and P across five on-farm trials. Trial (T) ns ** * ** ** ** ** ** ** C×T ** ** t ns ** ** ns ns ** N×T ns ns ns ns ** ns ns ns ns C×N×T ns ns ns * ** t * ns ns * Indicates effects significant at P = 0.05. ** Indicates effects significant at P = 0.01. † ns, nonsignificant. ‡ t indicate effects significant at P = 0.10. yield potential and quality of winter cereal forage observed in this study suggest that they should not just be used for emergency purposes but should become a routine practice for supplying forage requirements. These spring forages have a yield potential above 3 Mg ha -1 DM and consistently produce high quality forage with TDN values above 700 g kg -1 when harvested at boot stage and provided 50 kg N ha -1 . Later developmental harvests can improve forage yield but forage is of lower quality. The winter cereals are relatively responsive to low rates of spring applied N, with optimum N rates of 42, 50, and 65 kg N ha -1 for rye, triticale, and wheat, respectively. Our data suggests that spring applied N above these optimum rates to increase boot stage forage yield and CP is not justified. In terms of forage harvest date, cereal rye with a 7 to 10 d earlier boot stage allows spring forage harvest by the end of May, thereby reducing the risk of yield reductions to corn and soybean. With proven cover crop attributes, cereal rye appears to be the preferred winter cereal cover crop species for early spring forage in short season temperate climates.
